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ABSTRACT 

Diabetic ulcers are a major life-threatening complication among diabetic patients. The existing 

ulcer diagnosing practices depend on the visual examination of consultants. However, the 

precise manual diagnosing process is challenging since vision may vary upon the consultant, 

tedious and time-consuming. In the diagnosing process, the challenging task is to identify the 

infected areas and the severity of the ulcers.  

Accordingly, automatic locating and segmenting of ulcer boundaries and severity stage 

classification is of significant prominence. Yet a comprehensive computer-aided Wagner scale 

based severity stage classification system for diabetic foot ulcers is not available in the 

literature. Even though there are few automated solutions for segmenting and locating of ulcer 

boundaries available in the literature, they consist of various limitations.  

This research proposes solutions to automate two manual processes namely segmenting and 

locating ulcer boundaries and severity stage classification of diabetic ulcers. Here, a dataset of 

diabetic ulcers which consists of 2400 images was used for both tasks. Under the segmentation 

task, the process of instance-based diabetic ulcer segmentation was automated through the 

Mask-RCNN model. This solution could achieve 0.8605 of average precision value at 0.5 

thresholds of Intersection over Union (IoU) and 0.5023 mAP value at 0.5 to 0.95 by the step 

size of 0.05 Intersection over union (IoU) threshold with ResNet-101 backbone for the DFU 

segmentation task. 

In the meantime, an architecture to classify the severity stages of diabetic foot ulcers was 

implemented using DenseNet-201 pre-trained CNN architecture. In this approach, the 

classification head of the DenseNet-201 was removed and used the feature extraction head to 

extract the feature vectors. Then the feature reduction was done by applying a Global Average 

Pooling technique and used Singular Value Decomposition (SVD) as a further feature 

reduction technique. Additionally, SVD helps to optimize the memory consumption and 

processing time while preserving the accuracy of the proposed classification architecture. This 

proposed architecture could achieve an accuracy of over 96%.  

 

 

 

 

 

 

 



iii 

 

ACKNOWLEDGMENT  

First and foremost I extend my sincere gratitude towards my internal supervisor Dr. 

Indika Perera, of the Computer Science and Engineering, University of Moratuwa, for 

veteran assistance and guidance given throughout the research. Without his guidance 

and understanding, this research could not have been completed.  

I would like to thank my external supervisor Dr. Manilka Sumanathilake for the 

guidance given at the beginning of the research.  

To all the staff from the Department of Computer Science and Engineering who help 

me in multiple ways during carrying out this study, I extend my gratitude.  

This research funded by the University of Moratuwa Senate Research Grant, and I 

extend my gratitude for the financial support provided by them. 

I would like to express my heartfelt appreciation of the sacrifices made by my family 

members. I am grateful to them for their understanding and encouragement throughout 

the course.  

To all who help and all my friends who made my time in the research lab delightful 

during the course.  

 

  



iv 

 

TABLE OF CONTENT 

DECLARATION .......................................................................................................... i 

ABSTRACT ................................................................................................................. ii 

ACKNOWLEDGMENT ............................................................................................. iii 

LIST OF TABLES .................................................................................................... viii 

LIST OF FIGURES .................................................................................................... ix 

LIST OF ABBREVIATIONS ..................................................................................... xi 

1. INTRODUCTION ............................................................................................... 1 

1.1 Background ................................................................................................... 1 

1.2 Motivation for the Research .......................................................................... 4 

1.3 Objective of the Research ............................................................................. 5 

1.4 Research Methodology .................................................................................. 5 

1.5 Publications ................................................................................................... 7 

1.6 Thesis Orientation ......................................................................................... 8 

2. LITERATURE REVIEW .................................................................................... 9 

2.1 Related Work ................................................................................................. 9 

2.1.1 Image Segmentation ............................................................................... 9 

2.1.2 Conventional Medical Image Segmentation Approaches ...................... 9 

2.1.3 Existing Software for DFU analysis .................................................... 15 



v 

 

2.1.4 Recently proposed deep learning-based approaches for image 

segmentation ...................................................................................................... 15 

2.1.5 Image Classification Methods .............................................................. 20 

2.2 Convolutional Neural Network ................................................................... 21 

2.2.1 Feed-Forward Neural Network  Vs Convolutional Neural Network ... 22 

2.2.2 Convolution Operation ......................................................................... 23 

2.2.3 Input Layer ........................................................................................... 24 

2.2.4 Convolution Layer ............................................................................... 24 

2.2.5 Dropout Layer ...................................................................................... 24 

2.2.6 Pooling Layer ....................................................................................... 25 

2.2.7 Fully Connected Layer ......................................................................... 26 

2.2.8 Softmax Layer ...................................................................................... 26 

2.3 Transfer Learning ........................................................................................ 26 

3. DATASETS ....................................................................................................... 28 

3.1 Diabetic Wound Dataset .............................................................................. 28 

3.1.1 Ground Truth Mask Generation ........................................................... 28 

3.2 CVC-Colon Dataset ..................................................................................... 29 

3.3 Chest X-ray Dataset .................................................................................... 29 

4. METHODOLOGY ............................................................................................ 30 

4.1 Task 1: DFU segmentation .......................................................................... 30 



vi 

 

4.1.1 Preprocessing ....................................................................................... 30 

4.1.2 Model Architecture .............................................................................. 30 

4.1.3 Model Training .................................................................................... 32 

4.1.4 Hyperparameter Tuning ....................................................................... 33 

4.1.5 Reasons for choosing Mask R-CNN architecture ................................ 35 

4.2 Task 2: DFU Classification ......................................................................... 38 

4.2.1 Preprocessing ....................................................................................... 38 

4.2.2 Addressing the class imbalance problem ............................................. 38 

4.2.3 Approaches .......................................................................................... 39 

5. RESULTS & EXPERIMENTAL ANALYSIS .................................................. 42 

5.1 Results of DFU Segmentation ..................................................................... 42 

5.1.1 Evaluation Metrics ............................................................................... 42 

5.1.2 Comparison Model ............................................................................... 43 

5.1.3 Results on DFU Dataset ....................................................................... 44 

5.1.4 Results on Different Medical Datasets................................................. 46 

5.2 Results of DFU classification ...................................................................... 48 

5.2.1 Evaluation Metrics ............................................................................... 48 

5.2.2 Results of Feature Extraction through CNN Models for DFU 

Classification ...................................................................................................... 48 

5.2.3 Results of Fine-tuning Pretrained CNN Models for DFU Image 

Classification ...................................................................................................... 50 



vii 

 

5.2.4 Comparison Models ............................................................................. 50 

5.2.5 Comparison Results on Proposed Approach and Comparison Models 51 

6. CONCLUSIONS ................................................................................................ 53 

6.1 Contribution ................................................................................................ 53 

6.2 Future work ................................................................................................. 54 

References .................................................................................................................. 56 

 



viii 

 

LIST OF TABLES  

Table 1.1: Description of Wagner Scale ...................................................................... 3 

Table 4.1: Hyperparameter Table .............................................................................. 33 

Table 4.2 : Class Distribution of Training Dataset .................................................... 38 

Table 5.1: Results of DFU segmentation ................................................................... 45 

Table 5.2: Results of different medical datasets ........................................................ 46 

Table 5.3: Accuracy and F1-score of CNN feature extractor + ANN ....................... 49 

Table 5.4: Accuracy and F1-score of CNN feature extractor + SVM ....................... 49 

Table 5.5: Accuracy and F1-score of CNN feature extractor + Random Forest ....... 49 

Table 5.6: DFU dataset with SGD optimizer results ................................................. 50 

Table 5.7: Proposed approach with comparison models............................................ 52 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

LIST OF FIGURES  

Figure 1.1: Visualization of Diabetes Complications in Human Body [1]. ................. 1 

Figure 1.2: Proliferation of Diabetes Mellitus [2]........................................................ 2 

Figure 1.3: Visualization of Wagner Ulcer Grading Scale .......................................... 3 

Figure 2.1: Visualization of Differences in Classification, Object Detection, Semantic 

Segmentation, Instance Segmentation ......................................................................... 9 

Figure 2.2: Results of [14] Comparison ..................................................................... 12 

Figure 2.3: Architecture of Goyal et al. Proposed method [33] ................................. 17 

Figure 2.4: Architecture of Wang et al.s’ proposed system[34] ................................ 17 

Figure 2.5: Architecture of Xiaohui et al s’ research work [35] ................................ 18 

Figure 2.6: Traditional CNN Architecture ................................................................. 22 

Figure 2.7: Down Sampling ....................................................................................... 22 

Figure 2.8: Initial Convolutional Operation ............................................................... 23 

Figure 2.9: Convolution operation after moving by a stride ...................................... 23 

Figure 2.10: Visualisation of min, max, and average pooling ................................... 25 

Figure 2.11: Global Average Pooling ........................................................................ 26 

Figure 3.1: User Interface of VGG Annotator Tool .................................................. 28 

Figure 3.2: Samples of Polyps dataset ....................................................................... 29 

Figure 3.3: Samples of Chest X-ray dataset ............................................................... 29 

Figure 4.1: Mask R-CNN Architecture [6]. ............................................................... 32 

file:///C:/Users/Hp/Desktop/Thesis_Final/Final_Version%20_print.docx%23_Toc30842179
file:///C:/Users/Hp/Desktop/Thesis_Final/Final_Version%20_print.docx%23_Toc30842182


x 

 

Figure 4.2: Workflow diagram of Mask R-CNN ....................................................... 34 

Figure 4.3: R-CNN Architecture ................................................................................ 35 

Figure 4.4: Fast R-CNN Architecture ........................................................................ 36 

Figure 4.5: Architecture of Faster R-CNN ................................................................ 37 

Figure 4.6: DFU Classification Architecture ............................................................. 41 

Figure 5.1: Visualization of  TP, FP, and FN ............................................................ 43 

Figure 5.2: U-Net Architecture [59] .......................................................................... 43 

Figure 5.3: Few results of ulcer boundary segmentation task.................................... 45 

Figure 5.4: Segmentation results for several neuropathic ulcers ............................... 46 

Figure 5.5:  Segmentation Results for  Chest X-ray dataset with Mask R-CNN ....... 47 

Figure 5.6: Segmentation Results for  Polyps dataset with Mask R-CNN ................ 47 

 

 

 

 

 

 

 

 



xi 

 

LIST OF ABBREVIATIONS  

DFU   Diabetic Foot Ulcer 

RPN  Regional Proposal Network 

GAP  Global Average Pooling 

SVD  Singular Value Decomposition 

ROI  Region of Interest  

AP  Average Precision 

CNN  Convolutional Neural Network 

IoU  Intersection over Union 

SVM  Support Vector Machine  

ANN  Artificial Neural Network 

SGD                Stochastic Gradient Descent  

RGB                Red Green Blue 

HSI                  Hue ( H ), Saturation ( S ), Intensity ( I ) 

FC                    Fully Connected 

FCN                 Fully Connected Network  


